Versican is a large proteoglycan with numerous chondroitin sulfate (CS) glycosaminoglycan (GAG) side chains attached. To assess versican's potential contributions to aqueous humor outflow resistance, its segmental distribution in the trabecular meshwork (TM) and the effect on outflow facility of silencing the versican gene were evaluated. METHODS. Fluorescent quantum dots (Qdots) were perfused to label outflow pathways of anterior segments. Immunofluorescence with confocal microscopy and quantitative RT-PCR were used to determine versican protein and mRNA distribution relative to Qdot-labeled regions. Lentiviral delivery of shRNAsilencing cassettes to TM cells in perfused anterior segment cultures was used to evaluate the involvement of versican and CS GAG chains in outflow facility. RESULTS. Qdot uptake by TM cells showed considerable segmental variability in both human and porcine outflow pathways. Regional levels of Qdot labeling were inversely related to versican protein and mRNA levels; versican levels were relatively high in sparsely Qdot-labeled regions and low in densely labeled regions. Versican silencing decreased outflow facility in human and increased facility in porcine anterior segments. However, RNAi silencing of ChGn, an enzyme unique to CS GAG biosynthesis, increased outflow facility in both species. The fibrillar pattern of versican immunostaining in the TM juxtacanalicular region was disrupted after versican silencing in perfusion culture. CONCLUSIONS. Versican appears to be a central component of the outflow resistance, where it may organize GAGs and other ECM components to facilitate and control open flow channels in the TM. However, the exact molecular organization of this resistance appears to differ between human and porcine eyes. 1,2 Much of this resistance resides within the trabecular meshwork (TM) putatively within 7 to 14 m of the inner wall of Schlemm's canal in a region known as the juxtacanalicular (JCT) or cribriform region.
I ntraocular pressure (IOP) is primarily controlled by the flow resistance in the aqueous humor outflow pathway. 1, 2 Much of this resistance resides within the trabecular meshwork (TM) putatively within 7 to 14 m of the inner wall of Schlemm's canal in a region known as the juxtacanalicular (JCT) or cribriform region. [1] [2] [3] [4] Since the 1950s, involvement of extracellular matrix (ECM) in outflow resistance has commonly been evoked. 1, 2, [5] [6] [7] [8] [9] [10] There is also considerable evidence of a direct contribution to the resistance by some cell populations within this region. 1, 3 More recently, synergistic interaction between the JCT and Schlemm's inner wall endothelial cells has been suggested. [1] [2] [3] 11 However, most of the resistance is still thought to reside within the actual ECM of the JCT. [1] [2] [3] 11 The most likely extracellular source is the highly charged glycosaminoglycan (GAG) chains. 2, 6, [12] [13] [14] Although perfusion of GAG-degrading enzymes reduces the outflow resistance in numerous species, in humans and primates, this effect has been controversial. 15, 16 However, perfusion of inhibitors of GAG biosynthesis or sulfation and with enzymes that degrade ECM proteins reduces outflow resistance in both porcine and human eyes. [17] [18] [19] [20] [21] The identity of the specific GAGs, proteoglycans, or other ECM components that comprise outflow resistance remains unclear. 2 Both conceptually and based on several observations, versican, with supportive contributions from its attached chondroitin sulfate (CS) GAG chains and hyaluronan (HA) interactions, seems a likely contributor. 2, 17, 22, 23 Versican is a large aggregating CS proteoglycan. 2, 24 In other tissues, it is involved in a wide array of cellular functions including cell proliferation, migration, and adhesion and acts directly and indirectly via its many binding partners. Unique N-and C-terminal binding domains are separated by two large central domains: ␣-and ␤GAG. Alternative mRNA splicing produces four different protein isoforms: V0 contains both ␣-and ␤GAG domains, V1 has only ␤GAG, V2 has only ␣GAG, and V3 has neither ␣-nor ␤GAG domains. 2, 24 Up to 23 CS GAG side chains can be attached to these two central domains. These CS chains appear to extend away from the core protein in all directions, thus minimizing electrostatic interactions and filling large hydrodynamic volumes. Conceptually, this design is ideal to regulate movement of aqueous humor through the TM. 25 In addition, versican is essential for assembling HA in the ECM 26 and is important for tissue hydration, as it forms large complexes with HA. 27 Mechanical stretching or distortion appears to be the mechanism by which TM cells sense elevated IOP and trigger IOP homeostatic responses. 2, 17, 20, 21, 28 TM cells respond to mechanical stretching by increasing ECM turnover and decreasing total versican mRNA levels. 2, 17, 29 We recently found that perfusion of human or porcine anterior segments with ADAMTS4 (a disintegrin and metalloproteinase with thrombospondin motifs 4), which specifically cleaves versican, increases outflow facility. 18 In addition, modified alternative mRNA splicing of versican in response to mechanical stretching shifts isoform distribution to favor transcripts with less GAG side chain attachment sites per molecule. 29 Conversely, TGF␤, which decreases outflow facility, increases versican levels and shifts isoform distributions to favor transcripts with more GAG side chain attachment sites per molecule. 30 -33 TNF␣ and IL-1␣, both of which increase outflow facility, also produce changes in versican mRNA level and isoform distribution similar to those associated with mechanical stretch. 2 Thus, a homeostatic response to elevated pressure may involve versican turnover by ADAMST4, reduction in the amount of versican synthesized as replacement ECM, and modulation of alternative splicing to generate isoforms with fewer CS GAG chain attachment sites.
Several studies have shown that outflow is segmental, rather than uniform, around the circumference of the TM. 34 -39 Flow appears higher in areas of the TM near collector channels, suggesting an anatomic contribution to flow segmentation. 35 However, ECM composition may also vary in areas of high or low outflow, either affecting or possibly reflecting relative flow rates. To further evaluate the hypothesis that versican is important to outflow resistance and IOP homeostasis, we used fluorescent quantum dots (Qdots), derivatized to facilitate cellular uptake, to label areas of putative high and low fluid flow in perfused human and porcine anterior segments. Versican mRNA abundance relative to Qdot distribution was assessed by quantitative RT-PCR, and versican protein distribution was analyzed by immunofluorescence and confocal microscopy. RNAi silencing was used to knockdown versican gene expression and also the first unique step in CS GAG biosynthesis to assess outflow effects in anterior segment perfusion culture.
METHODS

Qdot Nanoparticle Labeling of Anterior Segments in Perfusion Culture
For perfusion culture, human and porcine eyes were prepared as described previously and perfused at constant pressure (8.8 mm Hg) to generate an average flow rate of 1 to 7 L/min for humans and 2 to 8 L for porcine eyes. 18, 19, 21, 40 Human donor eye pairs were acquired from Lions Eye Bank of Oregon (Portland, OR). Human donor tissue protocols were approved by the Oregon Health and Science University Institutional Review Board and were conducted in accordance with the tenets of the Declaration of Helsinki. Porcine or human anterior segment organ cultures were treated during the final 1 to 2 hours of perfusion experiments with 10 nM fluorescent Qdot nanoparticles (Qtracker 655; Invitrogen, Carlsbad, CA) via direct injection of 200 L of solution into the inflow line of the flow chamber. These 10-to 20-nm particles are derivatized with a variant of the HIV-TAT peptide, which facilitates cellular uptake and retention. In preliminary studies, we verified that these Qdots were effectively internalized by TM cells, stable to prolonged light exposure, and relatively nontoxic to cultured TM cells. A deep red plasma membrane cellular stain (2.5 g/mL; CellMask; Invitrogen) was also used to label TM cell membranes for the final 15 minutes of perfusion. After exposure to Qdots or cell membrane stain, anterior segments were removed from the perfusion chambers and the TM analyzed by standard fluorescence microscopy at low magnification and looking en face from the anterior chamber toward Schlemm's canal. Tissues were immediately separated into regions of dense and sparse Qdot-labeling, which appeared to be a direct indicator of outflow such that regions of intense relative fluorescence likely represent sites of high segmental outflow (see Fig. 2 ). Once isolated, tissue wedges were fixed in 4% paraformaldehyde for immunofluorescence and confocal microscopy analysis, or TMs were removed for RNA extraction.
Two methods were used to process tissues for confocal microscopy: (1) anterior segments were embedded in paraffin and 5-m serial radial sections were cut approximately perpendicular to Schlemm's canal at the pathology/histology core facility of the Knight Cancer Institute (Oregon Health and Science University, Portland, OR). Qdot fluorescence was generally lost during deparaffinization. Some sections were stained with hematoxylin and eosin (H&E). (2) Frontal sections were cut with a double-edged razor blade perpendicular to the ocular surface, resulting in a section tangential to the corneoscleral limbus that bisects Schlemm's canal. 35, 37, 41 These sections were placed onto glass microscope slides and imaged by confocal microscopy. Immunofluorescence and confocal microscopy were performed as described previously, with a mouse monoclonal versican antibody (Developmental Studies Hybridoma bank, University of Iowa, Iowa City, IA or Kamiya Biomedical Co., Seattle, WA), a rabbit polyclonal SPARC antibody (Millipore, Temecula, CA), and a rabbit polyclonal CD44 antibody (Sigma-Aldrich, St. Louis, MO). 18, 19, 42 
RNA Isolation and Quantitative RT-PCR
After Qdot labeling, the TM was dissected from regions of intense, moderate, and sparse labeling from six different anterior segments perfused at physiological pressure for 24 hours. Total RNA was isolated from each region of individual eyes (TRIzol reagent, amplified using the MessageAmp II RNA amplification kit; Ambion, Austin, TX) and subjected to quantitative RT-PCR, as described elsewhere. 18, 29 Relative fluorescence units (RFUs) from each region of the six TMs were then averaged and normalized for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels. Significance was determined by Student's t-test.
Design and Construction of shRNA Silencing Vectors
A vector-based approach was used to express short, hairpin (sh)RNA molecules in TM cells. shRNAs were designed using an online RNAi designer (BLOCK-iT; Invitrogen). Sequences were selected to target the G1 domain of human or porcine versican, which would silence all known mRNA isoforms. An shRNA control was designed to a region approximately 4000 bp upstream of the versican promoter region. This control shRNA did not target any other known human or porcine gene when blasted against the NCBI database. An shRNA was also designed to silence N-acetylgalactosaminyltransferase-1 (ChGn), the first unique enzyme in CS chain biosynthesis. [43] [44] [45] Complementary 21-nucleotide shRNA sets were annealed to generate double-stranded (ds) DNA oligonucleotides and cloned into the pENTR/U6 vector using T4 ligase (Invitrogen). The resulting silencing cassette contained a human U6 promoter, the shRNA ds oligonucleotides, and an RNA polymerase III terminator, all the elements required for RNA polymerase III-controlled expression of the silencing shRNA. Correct sequences were confirmed by DNA sequencing. The shRNA cassettes were transferred into the pLenti6/BLOCK-iT-DEST vector by recombination with a clonase enzyme (Gateway LR Clonase II; Invitrogen). This vector contains modified HIV-1 5Ј and 3Ј long-terminal repeats and an HIV-1 psi sequence for viral packaging, but the VSV-G gene from vesicular stomatitis virus is used in place of the HIV-1 envelope glycoprotein. The pLenti6 silencing vector was transformed into E. coli (strain OneShot Stbl3) and purified (Endo-free Plasmid Maxiprep kit; Qiagen, Valencia, CA).
Generation of Versican shRNA Lentivirus
Replication incompetent lentivirus was generated in the 293FT cell line (Invitrogen). The 293FT cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS), 4 mM glutamine, 1 mM minimum essential medium (MEM) sodium pyruvate, 0.1 mM MEM nonessential amino acids, 1% penicillinstreptomycin, and 500 g/mL geneticin (Invitrogen). The pLenti expression plasmid (3 g) containing the silencing cassette was cotransfected with 9 g packaging mix (ViraPower; Invitrogen) into 293FT cells (Lipofectamine 2000; Invitrogen). The transfection reagent-DNA complexes were incubated overnight with the 293FT cells and then replaced with DMEM containing the above supplements without geneticin. Lentiviral-containing supernatants were harvested 72 hours after transfection and centrifuged at 3000 rpm for 10 minutes to pellet cell debris. Viral supernatants were then aliquotted and stored at Ϫ80°C until use.
Viral titers were determined and effectiveness of shRNA silencing was assessed by adding various dilutions of lentivirus (ranging from 10 Ϫ2 -10 Ϫ6 ) in DMEMϩ10% FCS or a mock infection to TM cells in culture with 1:1000 dilution of polybrene (Sigma-Aldrich). The virus was replaced by complete medium the following day, and the selection agent blasticidin (1 g/mL) was added to the culture 48 hours after infection. After 5 days, adherent cells were washed three times in phosphate-buffered saline (PBS) and stained with 1% crystal violet for 10 minutes. Cells were washed three times in PBS, and the number of stained plaques was counted for each lentiviral dilution. Titers were determined in this manner for each silencing lentivirus in both human and porcine TM cells. To verify gene knockdown, cultured TM cells were infected with various dilutions of lentivirus (as above), and media were replaced the following day. After 48 hours to allow silencing, total RNA was isolated by using a cells-to-cDNA lysis buffer (Ambion). Quantitative RT-PCR was then performed using versican or ChGn primers. Results were expressed as the ratio of change relative to mock-infected TM cells. To ensure that versican protein was reduced, immunofluorescence was performed on TM cells infected with 10 6 plaque formation units (pfu) of versican-silencing lentivirus. After infection, the cells were grown for a further 72 hours and then immunostained with the primary versican monoclonal antibody and Alexa Fluor 488 -conjugated secondary antibody. Images were obtained by confocal microscopy.
Lentiviral Infection of Perfused Anterior Segments
Anterior segments from human and porcine eyes were perfused in culture until the flow rates stabilized. Lentivirus (10 8 pfu) was applied to the perfusion chambers by media exchange (indicated by time point 0), and outflow facility was measured for a further 7 days. The amount of lentivirus used was based on previous studies of lentiviral infection of human and feline TM. 46, 47 Outflow rates before treatments were used to normalize for plotting treatment effects. The number of eyes used for each treatment is noted in each figure legend. An unpaired Student's t-test was used to determine significance.
RESULTS
Versican Immunostaining in the TM
The distribution of versican in the TM was investigated by immunofluorescence and confocal microscopy ( Fig. 1) . Versican immunostaining was found throughout the TM beams, in the juxtacanalicular (JCT) region, and at the inner wall (IW) and outer wall (OW) of Schlemm's canal (Fig. 1B) . A higher magnification view of a frontal section showed strong versican immunostaining in the JCT region of the TM (Fig. 1C) . Versican stains in a striking fibrillar pattern, which is aligned in pillars that are approximately perpendicular to Schlemm's canal. In this image, the versican immunostaining seems to predominate in the deepest regions of the JCT, in the area closest to Schlemm's IW. However, versican staining intensity was somewhat variable in tissue sections originating from different quadrants of the eye. Since prior studies have suggested that outflow appears to be segmental, we further explored the differences in versican immunostaining.
Segmental Flow and Versican Levels
To identify segmental regions of putative high or low outflow, we added Qdots to the perfusate for 1 hour at the end of the perfusion experiments. Both human and porcine anterior segments exhibited considerable segmental variation in Qdot labeling density, which we assume is a direct indicator of outflow. The differences between densely and sparsely labeled areas were often as much as 20-fold ( Fig. 2A) . Only modest Qdot labeling of corneal endothelial or scleral cells was observed. Even in densely labeled areas, the IW of Schlemm's canal was labeled only moderately, and there was very little OW cell labeling (Fig. 2B) . Some labeling of cells lining the collector channels and deeper vasculature could be detected. As a comparison, the red cellular membrane stain (CellMask; Invitrogen) was also used to label areas of outflow. The dye stains cell plasma membranes without the need for active internalization by the cell, hence providing an alternative outflow labeling mechanism. This stain exhibited segmental staining similar to the distribution of Qdots when anterior segments were perfused for the final 15 minutes of the experiment (Figs.  2C, 2D) . A longer perfusion time (30 minutes) resulted in more uniform labeling of the TM.
When versican immunostaining levels were compared to Qdot segmental distributions, an inverse correlation was observed (Fig. 3) . Densely labeled areas had relatively low versican immunostaining; sparsely labeled areas had relatively abundant versican immunostaining. The images depicted were from different regions of paraffin-embedded radial sections of one eye (Figs. 3C, 3D ) and from frontal sections of paraformaldehyde-fixed TM from a different eye (Figs. 3E, 3F ) and were obtained using identical acquisition settings on the confocal microscope. In frontal sections (Figs. 3E, 3F) , the pillar pattern of versican immunostaining predominated in the JCT region of densely Qdot-labeled TM, whereas a more uniform distribution of versican was observed throughout the TM of sparsely Qdotlabeled sections.
Versican mRNA Expression and Alternative Splicing
Total RNA was isolated from densely, moderately, and sparsely labeled areas based on Qdot densities, and mRNA levels of versican and ADAMTS4 were determined by qRT-PCR (Fig. 4) . Versican mRNA levels showed a strong reciprocal relationship to Qdot label density, similar to the protein data, whereas ADAMTS4 mRNA levels were not significantly different between high-and low-density areas.
When the relative distribution of the versican V1 and V2 mRNA alternative splice forms was analyzed using qRT-PCR (Fig. 5) , the relative proportion of both isoforms in the densely labeled regions was higher than in the sparsely labeled regions. The V3 variant is absent or present at very low levels in TM cells, 29, 33 and so it was not included in this analysis. The V1 and V2 isoform RFU data were normalized for GAPDH mRNA levels and then divided by the regional total versican mRNA level.
Versican Silencing and Outflow Facility
To further evaluate involvement of versican in outflow facility, RNAi was used to selectively reduce versican levels. Various dilutions of lentivirus containing versican shRNA were used to infect porcine and human TM cells in culture, and versican mRNA levels were assessed by qRT-PCR (Fig. 6A ). At 10 6 pfu, versican mRNA levels were reduced by approximately 70% after 48 hours when compared with mock-infected TM cells. Versican immunofluorescence was then compared for porcine and human TM cells that had been mock infected (Figs. 6B,  6E) , infected with 10 6 pfu control shRNA (Figs. 6C, 6F ), or infected with versican shRNA (Figs. 6D, 6G) lentivirus. Both mock-infected and control virus-infected cells showed fibrillar versican immunostaining at 72 hours after infection. This fibrillar staining was dramatically reduced in versican-silenced TM cells. The control shRNA and versican shRNA lentivirus were then used to perfuse porcine and human anterior segment cultures, and the effects on outflow facility were monitored (Fig. 7) . Porcine anterior segments responded to versican silencing with an approximately 2.5-fold increase in outflow rates by 145 hours (Fig. 7A) . Conversely, versican-silencing lentivirus reduced outflow in human anterior segments by approximately 50% over a similar time frame (Fig. 7B) . Control lentivirus did not significantly change outflow in porcine or human anterior segments. Quantitative RT-PCR using mRNA isolated from two pairs of eyes; one anterior segment of each pair was infected with versican-silencing lentivirus and one was infected with control shRNA lentivirus. The results showed that versican transcripts were reduced by 82% and 61% after approximately 150 hours in perfusion culture when compared with control lentivirus-infected contralateral anterior segments.
Microscopic analysis of human postinfection TM tissue sections stained with hematoxylin and eosin (H&E) showed minimal overall structural differences in the outer TM beams between treatments (Fig. 8) . However, closer inspection of the JCT region revealed a disorganized structure in versican-silenced TMs (Fig. 8D) . The apparent increase in hematoxylin staining in the JCT of versican-silenced eyes was diminished by pretreating the sections with hyaluronidase. Immunostaining showed that the versican pillar pattern of staining was lost in the JCT region in versican-silenced human TM (Fig. 8F) . Instead, a more disorganized punctate pattern was observed. 
Silencing CS GAG Chain Biosynthesis and Outflow Facility
To investigate the involvement of CS GAG chains in outflow facility, we silenced N-acetylgalactosaminyltransferase-1 (ChGn), the enzyme that catalyzes the first unique step in CS GAG chain biosynthesis. 43, 44, 48, 49 When TM cells in culture were incubated with various dilutions of ChGn shRNA lentivirus and ChGn mRNA levels were assessed, strong mRNA level reductions were achieved in both species at 10 6 pfu (Fig. 9A) . Perfusion of anterior segments with ChGn shRNA lentivirus produced an approximately 1.8-fold increase in porcine outflow facility at 120 hours (Fig. 9B) and an approximately 1.4-fold increase in human outflow facility at 140 hours (Fig.  9C) . Control lentivirus did not produce any significant change in outflow facility, as shown in Figure 7 .
DISCUSSION
Although segmental aqueous humor outflow has long been recognized, the details of this phenomenon are not well understood. In our study, both porcine and normal human TM exhibited distinct segmental distributions with regions of relatively dense, intermediate, and sparse Qdot labeling. Previous methods of evaluating segmental outflow have relied primarily on adsorption of ocular pigment, cationic ferritin, microspheres or labeled dextran beads to charged surfaces, presumably primarily ECM components, within the outflow pathway. 34 The overall segmental distribution patterns of perfused Qdots, which reflect active cellular uptake, appear to be similar to that in the charged ECM adsorption studies. Moreover, addition of a cell membrane stain, which stains the cell membranes without the need for macropinocytotic uptake into the cell, showed a similar segmental pattern of staining. Collectively, these studies support the argument that the segmental differences observed reflect outflow patterns rather than regional differences in adsorption or uptake. An anatomic relationship between intensely dextran-labeled areas and collector channel distribution has been observed. 35 Although we did not specifically evaluate this relationship, most of the regions labeled with Qdots and viewed en face were much larger and would encompass at least two to five separate collector channels. Therefore, the Qdot segmental labeling patterns seen in this study apparently reflected factors beyond the anatomic distribution of collector channels. The very high degree of segmentation shown in all these studies suggests that regional analyses will be necessary to correlate specific outflow pathway properties with outflow facility.
Versican levels generally showed an inverse segmental relationship to Qdot labeling in the TM. This suggests, but does not prove, a causal relationship in which high versican levels could provide higher resistance to outflow. Regional distributions of versican have also been found in mitral valves, where low versican expression was found in areas of tensile stress, while high versican expression was found in areas subject to compressive forces. 52 The results of perfusion with cytokines (TGF␤2, TNF␣, and IL-1␣) and the effects of physical manipulations (mechanical stretch, pressure increases, or both) show similar reciprocal relationships between outflow and versican levels or alternative mRNA splicing. 29, 53, 54 However, these modulation studies reflect overall TM versican levels, and it remains to be established how these are related to flow segmentation.
FIGURE 4.
Versican and ADAMTS4 mRNA levels in densely and sparsely Qdot-labeled regions. Versican mRNA levels inversely correlated with Qdot labeling patterns; there was high versican mRNA levels in regions of sparse labeling and low levels in densely labeled regions. ADAMTS4, an enzyme that cleaves versican, showed no significant regional distribution. Data were normalized for GAPDH. Error bars represent the SEM, where n ϭ 6, P ϭ 0.02 for versican between highand low-flow areas. FIGURE 5. Versican V1 and V2 isoforms levels in intensely and weakly labeled regions. Relative fluorescent units (RFUs) were normalized for GAPDH and variations in total versican mRNA levels. Error bars, SEM; n ϭ 6. For V1, P ϭ 0.035; for V2, P ϭ 0.0016.
In human eyes, reducing versican levels by RNAi led to a loss of pillar-like staining in the JCT region and decreased outflow facility. Versican immunostaining was not completely eliminated in the versican-silenced TM, but complete abolishment was not expected, as versican mRNA is only knocked down and not completely eliminated. Moreover, endogenous versican that was already deposited in the ECM may not be turned over completely within the time frame of the perfusion experiment. Since versican binds many other ECM molecules, including fibronectin, CD44, fibrillins, and tenascins, 2 reduced versican levels likely disrupt TM ECM organization. Previous antisense studies have shown that depletion of versican increases tropoelastin mRNA levels, elastin deposition, and fiber formation in vascular smooth muscle cells. 26 Elastin assembly or other ECM component structures may therefore be altered in versican-depleted TMs. In the primary open-angle glaucoma (POAG) TM, there is a significant increase in the number of elastin-containing sheath-derived plaques in the JCT region. [55] [56] [57] [58] [59] In the present study, we show that versican stains in a fibrillar pattern that is perpendicular to Schlemm's canal in normal human eyes. This pattern is similar to pillars of elastic fibers containing fibrillins and microfibril associated protein (MFAP)-1/2 described recently. 60 We hypothesize that these pillars of staining may represent actual flow channels through the TM as this pattern of staining predominated in densely Qdot-labeled regions. The versican molecules with their attached CS GAG chains may be essential to distributing the load within these channels to maintain their openness and prevent collapse. In versican-silenced human TM, there is a reduction of versican molecules and hence GAG chains. The versican molecules that remain are therefore subject to a higher load, which could lead to compaction, narrowing, and/or collapse of the outflow channels. The results presented here support this hypothesis, as there was loss of the pillar pattern of versican immunostaining in the JCT of versican-silenced TMs and H&E staining revealed disorganization in the tissue. Hyaluronidase pretreatment of tissue sections reduced hematoxylin staining in the JCT of versican-silenced eyes, suggesting that HA contributed, at least in part, to the altered staining patterns observed. These macromolecular changes in tissue structure were coincident with a decrease in outflow facility. Together, these observations argue that versican is a central component of the outflow resistance and may function to guide the proper structural organization of HA and other ECM molecules to facilitate open flow channels in the TM.
Lentiviral knockdown of versican caused opposite effects on outflow in human and porcine eyes. Versican silencing decreased outflow in human eyes but increased outflow facility in porcine eyes under identical experimental conditions. The reason for these opposite effects remains unclear. Prior outflow facility experiments where GAGase enzymes were perfused into primate and nonprimate eyes also produced differential responses. 6, 14, 19, [61] [62] [63] Nuanced variations in ECM structure or composition probably account for the observed reciprocal response in outflow facility shown here and the differential results between species in other studies. However, it is likely that, in all species, versican contributes to both physical outflow resistance and the three-dimensional structural organization of the ECM in the JCT region. Further studies are needed to accurately evaluate these differences in primate and nonprimate outflow resistance. In areas of high Qdot labeling, reduced versican levels will also affect GAG chain concentration. Analysis of alternative splicing in areas of dense and sparse Qdot labeling showed that the V1 and V2 isoforms were relatively increased in areas of dense labeling, coincident with a reduction in total versican levels. By elimination, this suggests that V0, the longest versican splice variant, is more abundant in sparsely labeled areas. The V0 variant has 17 to 23 CS chains attached, whereas the V1 and V2 variants only have 12 to 15 and 5 to 8 CS attachment sites, respectively. 2 Therefore, in addition to reduced amounts of versican, areas with dense Qdot labeling may have a higher number of splice forms with fewer CS GAG chains. This suggests that CS GAG concentration is reduced in densely Qdotlabeled areas, which correlates with the increased outflow facility observed in ChGn-silenced eyes. Decreased CS concentrations caused by reduced versican would affect outflow resistance since the hydration capacity would be reduced, which in turn would lead to decreased resistance and increased aqueous humor passage through these areas. According to the same argument, in areas of sparse Qdot labeling, versican levels were increased and the versican V0 isoform, containing the largest number of CS chains, may be enriched. Of interest, in POAG eyes where outflow is reduced, CS chains were found to accumulate in the JCT region. 14, 62 Changes in CS GAG chain concentration may also affect ECM protein-protein interactions, since chlorate, an inhibitor of GAG sulfation, induces atypical interactions between tenascin C and fibronectin. 19 Thus, regional alterations in versican levels, splice forms, or both will affect CS GAG chain concentration and may be a mechanism by which TM cells modify their ECM to homeostatically adjust outflow resistance.
Versican levels may also affect HA deposition into the ECM. Our previous study revealed variability in the staining pattern of HA-binding protein in human TM, which was suggestive of segmental flow. 19 Since versican assembles HA into aggregates, 26 a reduced amount of versican suggests that HA may also be depleted or disorganized in densely labeled areas. Conversely, in areas of sparse Qdot labeling, larger amounts of versican could assemble HA into aggregates, thereby increasing local HA concentration. A prior in vitro study showed that outflow decreased with increasing HA concentrations, 64 and intracameral application of HA to rat anterior chambers increased IOP. 65 To further investigate the role of CS chains in outflow resistance, we silenced the ChGn gene, which is an enzyme unique to CS GAG chain biosynthesis. In perfusion culture, we found an increase in outflow facility in both human and porcine anterior segments. This result supports previous observations using a chemical modifier of GAG biosynthesis, ␤-xyloside, or by enzymatic digestion of CS chains with chondroitinase ABC in porcine, bovine, and Cynomolgus monkey eyes. 10, 16, 19, 66 Thus, a reduction of CS chains increases outflow facility in both human and porcine eyes. This observation correlates with reduced levels of versican in areas of dense Qdot labeling and with the contrary observations that increased CS concentrations are detected in POAG TM and intracameral administration of CS to the anterior chamber in rats causes IOP to increase. 14, 62, 67 In summary, segmental distribution of versican suggests that it is a central component of the outflow resistance and may be required to organize GAGs and other ECM components to facilitate open flow channels in the TM. This study represents a first step in identifying the molecular composition of outflow resistance and how specific ECM components can be manipulated to alter outflow facility. 
